Background {#Sec1}
==========

Cross-country (XC) skiing is one of the most popular winter endurance sports, especially in countries in the central and north Europe. Considering the increased participation of master XC skiers in training and competition, an increased scientific interest has been focused on performance aspects such as age of peak performance and variation of sex difference by age \[[@CR1]--[@CR4]\]. The average age of women and men XC skiers in a very popular race, Engadin ski marathon, is 38 and 44 years old, respectively \[[@CR3]\]. Men are faster than women by \~ 16% \[[@CR3]\] and the age of peak performance in both sexes is \~ 40 years \[[@CR2]\]. After this age, performance decreases steadily in both sexes \[[@CR1], [@CR4]\].

Another aspect of performance is pacing \[[@CR5]\]; however, limited research on pacing in XC skiing has been conducted so far \[[@CR1], [@CR4]\]. Abbiss and Laursen \[[@CR5]\] describe six different pacing strategies such as (*i*) negative pacing (i.e. increase in speed over time), (*ii*) positive pacing (i.e. continuous slowing over time), (*iii*) all-out pacing (i.e. maximal speed possible), (*iv*) even pacing (i.e. same speed over time), (*v*) parabolic-shaped pacing (i.e. positive and negative pacing in different segments of the race) and (*vi*) variable pacing (i.e. pacing with multiple fluctuations). Pacing can be defined as the strategy by which effort is managed across an exercise bout in relation to a specific goal and in the knowledge of the likely demands of the task \[[@CR6]\] or as the the process in which the total energy expenditure during exercise is regulated on a moment-to-moment basis in order to ensure that the exercise bout can be completed in a minimum time and without a catastrophic biological failure \[[@CR7]\].

A review of studies examining the effect of sex and performance on pacing in endurance running and cycling concluded that athletes of higher performance level and women show a more even pacing than their counterparts with lower performance level and men, respectively \[[@CR8]\]. In 10 and 15 km XC skiing races in World Cup, World Championships and Olympic events, slower men skiers were characterized by a relatively fast start, but no difference was found in women \[[@CR9]\]. A study on a relatively small sample of finishers in the 'Vasaloppet' skiing race showed that women had a more even profile than men \[[@CR4]\]. With regards to the effect of age on pacing, trivial differences among age groups have been previously observed in XC skiers \[[@CR1], [@CR4]\].

As a result of this limited available information on the variation of differences in pacing among performance groups by age, there is a gap in the existing knowledge with regards to the pacing strategies that master XC skiers should develop. Coaches may train a group of master XC skiers with different performance level and whether they should instruct them differently with regards to pacing remains still unanswered. It is also possible that coaches train XC skiers with similar race time but different age. In both cases, one should address the question of age×performance interaction on pacing. Thus, the aim of the present study was to examine the effects of age and performance on pacing in order to provide evidence-based suggestions for pacing in master XC skiers according to their performance level.

Methods {#Sec2}
=======

To address the question of pacing in master XC skiers, we analysed the 'Vasaloppet', which is the oldest and longest cross-country ski race in the world and has the largest rates of participation \[[@CR4]\]. The 'Vasaloppet' is 90 km and includes seven stations which together with the start and the finish define eight splits ([www.vasaloppet.se/](http://www.vasaloppet.se/)). Table [1](#Tab1){ref-type="table"} presents detailed information about stations and splits, e.g. distances and elevations.Table 1Stations, splits, their distance and elevationDistance (km)Split (km)Elevation (m)Change in elevation (m)Start0--350--Station 11111480130Station 22413425−55Station 33511420−5Station 4471243010Station 56215230−200Station 671925020Station 78110205−45End909165−40Two consecutive stations define a split, e.g. station 1 and station 2 define split 2. Change in elevation refers to a specific split and is calculated as the difference between the elevation of two successive stations. For instance the change in elevation during split 6 is the difference between station 5 and station 6, i.e. 250--230 = 20 m

We focused on the race versions from 2012 to 2017, as there were available age group of finishers and split times only for these calendar years. A total of 79,722 finishers (women, *n* = 9847; men, *n* = 69,875) were classified into age groups 19--20, 21--34, 35--39, 40--44, 45--49, 50--54, 55--59, 60--64, 65--69, 70--74, 75--79 and 80--84 year old, and performance groups based on their race time 3-4 h, 4-5 h, \..., 12-13 h. The pacing strategy was defined as the dependent variable, whereas sex, performance group and age group were the independent variables. Three pace parameters for each finisher were calculated \[[@CR10]\]: a) positive pace range in the fastest split as 100 × (speed, km/h, in the fastest split - mean race speed, km/h)/mean race speed, km/h, e.g. + 22.0%, b) negative pace range in the slowest split as 100 × (speed, km/h, in the slowest split - mean race speed, km/h)/mean race speed, km/h, e.g. -16.2%, and c) total pace range as the absolute difference between positive and negative range, e.g. + 22.0% - (− 16.2%) = 38.2%.

All data are presented as means±standard deviations. Statistical analyses were carried out using GraphPad Prism v. 7.0 (GraphPad Software, San Diego, USA) and IBM SPSS v.23.0 (SPSS, Chicago, USA). Performance group×age group association was examined using chi-square (*χ*^*2*^) and the magnitude of the associations was tested by Cramer's phi (*φ*). A two-way analysis of variance (ANOVA) examined the effects sex, performance group and age group on total, positive and negative pace range. Subsequent comparisons among groups were carried out using post-hoc Bonferroni test. The magnitude of the differences among groups was examined using effect size eta square (*η*^*2*^) and was evaluated as following: small (0.010 \< *η*^*2*^ ≤ 0.059), moderate (0.059 \< *η*^*2*^ ≤ 0.138) and large (*η*^*2*^ \> 0.138) \[[@CR11]\]. The acceptable type I error was set at *p* \< 0.05.

Results {#Sec3}
=======

Most women were in the 8-9 h performance group, whereas most men in the 6-7 h performance group (Table [2](#Tab2){ref-type="table"}). A performance group×age group association was observed in women (χ^2^ = 340.4, *p* \< 0.001, φ = 0.186), e.g. the 4-5 h performance group was 5.8% in the 21--34 age group and 2.0% in the 50--54 years age group. In addition, a performance group×age group association was shown in men, too (χ^2^ = 340.4, *p* \< 0.001, φ = 0.186), e.g. the 4-5 h performance group was 10.2% in the 21--34 years age group and 2.8% in the 50--54 years age group.Table 2Finishers by sex, age and performance groupAge groupPerformance group19--2021--3435--3940--4445--4950--5455--5960--6465--6970--7475--7980--84-Total*Women* 3-4 h-------------------------- 4-5 h8227475947202200----412 5-6 h273521181721006420820----863 6-7 h24489155241209137651260----1338 7-8 h266581932882431998520151----1728 8-9 h316902173122942269840187----1933 9-10 h306512012322381847459212----1692 10-11 h25647180182196169843684----1531 11-12 h5992829272412852----239 12-13 h192115110000----111 Total177390511501520135510244401857516----9847*Men* 3-4 h010526630000000140 4-5 h291803648767487237862420004083 5-6 h9729481754246621261420661284110180011,884 6-7 h9227861725233921931639979496275847012,615 7-8 h8827391539204319351549101662439214437212,108 8-9 h822487129416391605129393566938720534810,638 9-10 h1012134105512861238104369956834519444148721 10-11 h6915216687387226684173521901233595512 11-12 h401062438484443419273215134753063619 12-13 h1141616975663647272372555 Total59917,726920811,83710,82783345102327918628661944169,875

A trivial main effect of sex on total pace range was observed (*p* \< 0.001, η^2^ = 0.002), where women (44.1 ± 10.2%) had larger total pace range than men (40.9 ± 11.8%) (Fig. [1](#Fig1){ref-type="fig"}). A large main effect of performance group on total pace range was shown (*p* \< 0.001, η^2^ = 0.160), where the smallest total pace range was 21.8 ± 1.9% (3-4 h group) and the largest 50.1 ± 9.9% (10-11 h group). A trivial sex×performance group interaction on total pace range was found (*p* \< 0.001, η^2^ = 0.001) with the largest sex difference in pacing shown in the 9-10 h group.Fig. 1Total pace range by sex and performance group. Solid and dashed horizontal lines represent mean scores of women and men, respectively. There is no 3-4 h performance in women.\**p* \< 0.05; \*\**p* \< 0.001

In women, a trivial main effect of age on total pace range was observed (*p* \< 0.001, η^2^ = 0.005) with smaller total range in the older age groups (Fig. [2](#Fig2){ref-type="fig"}). A small main effect of performance group on total pace range was shown (*p* \< 0.001, η^2^ = 0.048) with the smallest total pace range in the fastest performance group. A trivial age group×performance group interaction on total pace range was found (*p* \< 0.001, η^2^ = 0.008) with smaller differences among age groups in the faster performance group. In men, there was small main effect of age (*p* \< 0.001, η^2^ = 0.011), moderate main effect of race time (*p* \< 0.001, η^2^ = 0.065) and trivial age group×performance group interaction on total pace range (*p* \< 0.001, η^2^ = 0.006), respectively, with similar trends as described for women (Fig. [3](#Fig3){ref-type="fig"}).Fig. 2Total pace range by age and performance group in women. Dashed horizontal line represents mean scoreFig. 3Total pace range by age and performance group in men. Dashed horizontal line represents mean score

A trivial main effect of sex on positive pace range was observed (*p* \< 0.001, η^2^ = 0.006), where men (17.88 ± 5.06%) had larger positive pace range than women (17.86 ± 4.47%) (Table [3](#Tab3){ref-type="table"}). A moderate main effect of performance group on positive pace range was shown (*p* \< 0.001, η^2^ = 0.091), where the smallest positive pace range was 12.1 ± 1.6% (3-4 h group) and the largest 21.2 ± 5.6% (10-11 h group). A trivial sex×performance group interaction on positive pace range was found (*p* \< 0.001, η^2^ = 0.002) with the largest sex difference in positive pace range shown in 8-9 h group. Νο main effect of sex on negative pace range was observed (*p* = 0.452, η^2^ \< 0.001) with women and men having − 26.2 ± 7.4% and − 23.0 ± 8.4%, respectively (Table [4](#Tab4){ref-type="table"}). A moderate main effect of performance group on negative pace range was shown (*p* \< 0.001, η^2^ = 0.124), where the smallest negative pace range was − 9.7 ± 1.4% (3-4 h group) and the largest − 28.3 ± 7.7% (\> 12 h group). A trivial sex×performance group interaction on negative pace range was found (*p* \< 0.001, η^2^ \< 0.001) with the largest sex difference in negative pace range shown in 5-6 h group.Table 3Positive pace range (%) by sex, age and performance groupAge group19--2021--3435--3940--4445--4950--5455--5960--6465--6970--7475--7980--84MSDMSDMSDMSDMSDMSDMSDMSDMSDMSDMSDMSD*Women* 3-4 h 4-5 h16.012.41.812.72.212.30.97.214.1 5-6 h13.34.713.32.112.81.713.31.513.51.512.42.513.91.112.60.2 6-7 h14.32.715.02.414.52.414.42.514.52.714.62.413.62.013.93.215.31.9 7-8 h17.43.317.23.216.93.216.13.216.43.316.03.015.62.714.42.212.82.4 8-9 h19.74.618.53.917.93.717.53.417.03.816.73.415.82.916.12.816.03.313.6 9-10 h20.24.319.54.619.14.218.54.318.54.617.84.216.94.017.24.515.52.615.02.5 10-11 h23.15.620.85.720.34.720.14.819.54.018.24.118.54.218.64.318.13.615.76.1 11-12 h18.93.419.54.719.14.118.23.718.34.018.14.819.54.618.53.617.64.919.14.1 12-13 h17.72.320.35.018.64.718.13.920.24.418.83.618.44.818.86.818.74.015.55.5*Men* 3-4 h12.21.711.61.311.41.010.61.3 4-5 h13.43.413.12.112.91.712.81.712.81.712.41.312.51.312.21.113.70.4 5-6 h15.02.914.32.514.02.313.82.313.62.213.42.213.42.013.32.013.01.914.12.9 6-7 h17.64.116.83.516.53.316.23.216.13.115.63.215.53.115.33.115.23.114.82.313.71.3 7-8 h20.14.519.54.219.34.019.14.118.74.118.34.118.13.917.54.117.54.015.53.716.33.918.02.6 8-9 h23.65.120.94.920.64.820.24.720.14.919.44.719.34.819.35.018.94.517.74.519.54.818.94.5 9-10 h24.16.322.25.421.35.321.25.020.75.220.35.120.15.019.55.219.45.117.95.219.05.818.15.8 10-11 h24.96.522.86.122.15.921.65.121.55.620.65.220.54.820.14.919.55.718.34.818.66.517.75.9 11-12 h21.15.020.65.520.25.320.34.719.54.719.45.219.44.619.34.719.25.517.34.417.34.219.64.1 12-13 h28.621.76.321.14.321.05.221.34.921.66.220.34.118.64.419.04.919.56.522.110.320.75.2Table 4Negative pace range (%) by sex, age and performance groupAge group19--2021--3435--3940--4445--4950--5455--5960--6465--6970--7475--7980--84MSDMSDMSDMSDMSDMSDMSDMSDMSDMSDMSDMSD*Women* 3-4 h 4-5 h−22.4−10.92.1−11.62.4−11.22.4−14.4−9.2 5-6 h−17.28.4−15.14.3−15.14.6−15.54.8−16.44.1−14.64.5−13.93.7−13.73.4 6-7 h−18.76.4−20.96.3−19.56.0−20.36.2−20.46.4−20.75.8−18.85.8−17.93.9−20.40.8 7-8 h−25.07.1−25.66.3−25.96.5−25.16.5−24.76.0−23.86.5− 25.25.2−23.25.0−21.35.8 8-9 h−25.96.8−27.96.9−27.36.3−27.26.9−26.06.0−26.66.8−25.95.4−26.45.9−20.16.5−29.3 9-10 h−28.47.9−28.67.0−28.47.1−27.56.3−27.07.2−26.36.7−25.26.6−26.97.1−21.75.9−25.95.7 10-11 h−30.05.6−29.86.4− 29.46.1−28.76.0−29.36.6−27.86.7−28.26.4−29.36.0−25.47.7−22.76.0 11-12 h−28.56.5−29.16.1−28.16.0−27.66.3−28.16.3−27.15.9−27.96.4−26.76.2−25.65.1−23.37.4 12-13 h−30.19.7−28.67.4−30.36.6−26.07.2−28.77.4−29.36.0−27.86.6−26.18.6−21.55.5−30.75.0*Men* 3-4 h−9.61.4−10.01.1−10.01.4−9.71.3 4-5 h−12.54.5−11.52.8−11.42.6−11.52.4−11.52.4−11.42.3− 11.41.8− 11.32.3−14.23.9 5-6 h−16.84.7−16.95.0−16.14.7−15.94.7−15.54.4−15.54.3−15.64.3−15.44.3− 15.74.2−19.05.6 6-7 h−22.96.8− 22.46.6−21.26.1− 21.06.1−20.55.8−20.35.9−19.85.4− 20.05.6− 19.74.5−18.94.9−22.84.4 7-8 h−26.98.4− 26.47.3−25.47.0−25.07.1−24.46.8−23.86.6− 23.46.6−22.86.6−21.76.5−19.65.9−18.84.9− 18.16.7 8-9 h−30.38.2−28.87.8−27.87.8−27.17.6−26.57.2− 26.37.2−25.86.7−24.87.0−23.56.9−21.06.9− 21.16.7−19.65.1 9-10 h−31.36.9−30.17.7−28.77.7− 28.87.7−27.77.4− 27.37.3− 27.07.0−25.76.8−24.57.5−21.36.9−18.56.7−19.94.7 10-11 h−31.06.9−30.26.9− 30.06.9−29.56.8−28.96.9− 28.07.0−27.76.9− 27.16.7−25.47.8−22.47.6−19.26.0−17.84.3 11-12 h−30.37.6−29.36.7−28.46.7− 28.26.6−27.56.9−27.36.9−26.66.4−26.56.6−26.46.4−22.87.9−20.25.7−20.58.6 12-13 h−35.6−30.57.9−28.98.0−29.36.8−29.16.5−28.96.9−25.67.1−26.18.3−24.66.2−19.58.0−27.315.5−19.214.1

Discussion {#Sec4}
==========

The main findings of the present study were that (*i*) women had larger total pace range than men, (*ii*) the smallest total pace range was in the 3-4 h group and the largest in the 10-11 h group, (*iii*) the smallest total pace range was in the older age groups, and (*iv*) smaller differences among age groups were found in the faster performance groups.

The more even pacing observed in the older age groups was partially in agreement with previous studies on running. In 100-km ultra-marathon running, no differences in pacing among age groups was shown \[[@CR12]\]. On the other hand, a more even pacing was found in older runners in the 'New York City Marathon' \[[@CR13]\]. The smaller differences among age groups observed in the faster performance group was a novel finding as no previous study had ever examined the age×performance interaction on pacing in XC skiing.

We might assume that master XC skiers would exhibit different performance characteristics than their younger counterparts since aerobic capacity, which is a main determinant of performance in XC skiing \[[@CR14]\], declines with aging \[[@CR15]\]. A study that modelled changes in the criterion measure of aerobic capacity, i.e. maximal oxygen uptake (VO~2max~), identified age, fat-free mass and exercise training status as predictors of VO~2max~ \[[@CR16]\]. Nevertheless, the decline of aerobic capacity with aging might be attenuated when large training volume is maintained in the master athletes \[[@CR15], [@CR17]\] and healthy adults \[[@CR18]\]. Also, exercise might attenuate the decline of motor and cognitive abilities with aging \[[@CR19]\]. Furthermore, it has been shown that the decline in VO~2max~ was proportional to the decline in training volume in endurance trained men \[[@CR20]\]. Thus, the abovementioned long-term exercise-induced adaptations of aerobic capacity might consist in the physiological mechanism which attenuated the decline of performance with aging and explained why both younger and older fast XC skiers adopted similar pacing strategies.

In addition, the total, positive and negative pace range were smaller in the performance groups with fastest race time indicating that the faster performance groups adopted a more even pacing. This observation was in agreement with previous research \[[@CR8]\] indicating that XC skiing presents similar trends of the relationship between performance and pacing as those observed in other endurance sports.

An unexpected result was that men showed a more even pacing than women, since research on endurance sports such as the 'Chicago Marathon' \[[@CR21]\] and 100-km running \[[@CR22]\] had previously suggested women as better pacers. This disagreement in the sex difference in pacing among endurance sports might be due to unique characteristics of XC skiing, where human body interacts with sophisticated equipment and there are increased demands in upper body muscle power compared to other running or cycling \[[@CR23], [@CR24]\]. In addition, the more even pacing in men observed in the present study was in contrast with a previous study on a small sample of finishers in the 'Vasaloppet', where women showed a more even pacing profile than men with the same finish time, start group, age, and race experience, and men were faster in the first half and women were faster in the second half of the race \[[@CR4]\].

The results of the present study are limited by the unique characteristics of the 'Vasaloppet' in terms of race distance and change of elevation; therefore, they should be interpreted with caution when comparing with other XC races. Also, a unique characteristic of this study was the use of pace range to study pacing, which was a recently developed methodological approach \[[@CR10]\]. Although this approach provided a reasonable estimate of pacing, as it identified accurately the slowest and fastest splits and the deviation (%) of their speed from the average race speed, the findings should not be compared to studies using other methodological approaches (e.g. coefficient of variation \[[@CR25]\], % change of speed between consecutive splits \[[@CR13]\]). Moreover, the findings were based on comparison among different sex, age and performance groups and, consequently, did not establish a causal relationship of sex, age and performance with pacing.

Nonetheless, strength of the study was the inclusion of all editions of the 'Vasaloppet' (2012--2017) for which all split times and finishers' age were available resulting in one of the largest sample of XC skiers ever studied. The large number of finishers allowed drawing safe conclusions about differences in pacing by sex, age and performance group. It should be highlighted that the large sample size should be accounted for the statistically significant findings (e.g. at *p* \< 0.001) in cases of trivial magnitude of differences; thus, both statistics (i.e. *p* value and effect size) should be considered in the interpretation of the findings. Furthermore, we highlighted unique pacing patterns in XC skiing which differ from other endurance sports such as the sex effect on pacing. Men XC skiers have a more even pacing than women which is in contrast with the sex trends in pacing in other endurance sports (e.g. running) that suggest women as better pacers. In XC skiing, the sex difference in pacing seems performance-dependent with men showing more even pacing than women in all performance groups, except the slowest.

Considering the large number of master XC skiers, the findings of the present study would be of practical importance for coaches and fitness trainers in this sport in order to adapt the training and competition practice such as pacing, which was previously established in younger XC skiers, in the specific demands of the master XC skiers. Fast master XC skiers should be advised adopting a similar pacing strategy as their younger counterparts. Older XC skiers should be expected to show a more even pacing than their younger counterparts. A trend of a relatively even pacing in both slow and fast older XC skiers compared to their younger counterparts should be taken into account by coaches and fitness trainers during the training practice and the preparation for a race such as 'Vasaloppet'. By definition, pacing refers to the management of effort \[[@CR6]\] or energy expenditure \[[@CR7]\] during an exercise; thus, the variation of pacing by age might provide practical information for master athletes to optimize performance. The role of pacing is even more pronounced in the case of XC skiing, which is an ultra-endurance sport (i.e. race time longer than 6 h for most master finishers).

Conclusions {#Sec5}
===========

In summary, the faster the race time or the older the XC skiers, the lower the total pace range (i.e. a relatively more even pacing was observed), which confirmed these trends previously shown in other endurance sports such as marathon running. What is novel is that based on the findings of the present study we identified an effect of age on pacing that depended on the performance level of XC skiers in the 'Vasaloppet', i.e. the better the performance, the smaller the differences in pacing among age groups. These findings suggest that endurance exercise may result in similar performance-related characteristics, e.g. pacing, in fast master XC skiers as in their younger counterparts.
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